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ABSTRACT 
In the present study, the number size distributions of aerosols generated from five commonly and widely used
household fuelsnamely firewood,coal,dungcake,kerosene stoveand LPG stovewere investigatedusing scanning
mobility particle sizer (SMPS). Important parameters of PSD such as total number concentration, geometricmean
(GM)andgeometricstandarddeviation(GSD)fortestedfuelswereevaluatedandcompared.Itwasfoundthatsolid
biomass(firewoodanddungcake)generateshigherparticlenumberconcentrationsthennon–solidfuelsi.e.kerosene
andLPGstove.Forallbiomassfuelsthenumberconcentrationswereintheorderof107particle/cm3.Thegeometric
meandiameterwashighest fordungcakegeneratedaerosols,whileLPGandcoalgeneratedaerosolshowed lower
GMdiameter.Thegeometricmeandiametervariedbetween48nmand152nm foralltested fuels.Thegeometric
standarddeviationvaluesofalltestedfuelsrevealedthatinsolidbiomasscombustion,therewasmoredispersionin
aerosolsizesthannon–solidfuels.ThenumberconcentrationemittedbyLPGwasfoundtobethe lowestamongall
fuelsandtheGSDwasalsothelowest.
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1.Introduction

Particlesizedistribution(PSD)isanimportantcharacteristicof
combustion aerosols for evaluating their health hazards. The
health hazards associatedwith exposure to combustion aerosols
dependontheirsizedistributionfordepositioninrespiratorytract
andtoxicchemicalsadsorbedontheaerosols.Morethanhalfthe
world’s population relies on solid fuels, including biomass fuels
(wood, dung, agricultural residues) and coal, tomeet their basic
energy needs (WHO, 2005). Globally, indoor air pollution is
responsible for approximately 1.5million deaths annually (WHO,
2007). Inmostsocieties, indooroccupancy factor forwomenand
children is higher, posing a threat of exposure to indoor air
pollution.Combustionoffuelsforcookingandwarmingthehouses
isthemostdominantsourceofparticulatesinindoorenvironment.
Firewood, coal,dung cake,keroseneand liquefiedpetroleumgas
(LPG) are themost commonly used domestic fuels all over the
world. It is estimated that as many as 70% of households in
developingcountriesusecookingfuelssuchasfirewood,coaland
dung cake with homemade traditional stoves (IEA, 2002;WHO,
2006). The smoke emitted from such stoves is a mixture of
particles and gaseous chemicals. Incomplete combustion of
biomasscanresult inemissionofparticlessuchassoot,polycyclic
aromatic hydrocarbons (PAHs), unburnt carbon, and of unburnt
biomass fragments. In simple combustion systems and/or under
unfavorable combustion conditions, themass fractionofunburnt
particles can reach tomore than 90%of the totalparticlemass,
while it can drop to less than 1% under good combustion
conditions(Nussbaumer,2001;Anceletetal.,2013).

Particlesizedistributionisanimportantphysicalcharacteristic
to evaluate how deep it can travel within and beyond the
respiratory tract,which in turn is a necessity for assessment of
healthimpacts(Kleemanetal.,1999;Haysetal.,2002).According
todiameter,particlescanbeclassified inthreemodes:nucleation
mode (particlediameter<50nm)Aitkenmode (particlediameter
between 50nm to 100nm) and accumulation mode (particle
diameter >100nm) (Raes et al., 2000). Particles emitted from
biomassandcoalcombustionaremostly in the fineandultrafine
size range. Investigations on particles generated from biomass
combustionhaveshownthattypicallymorethan80%aresmaller
than 1ʅm, with mean particle size is typically around 0.1ʅm
(between50nm to200nm).Theparticlemass,number,andsize
canbeinfluencedbythefurnacetype,fueltype,andtheoperation
conditions (Nussbaumer, 2001). The combustion particles thus
generatedgetcondensedandgrow rapidlyas theycoolandage.
The smoke may contain some larger particles resulting from
suspension of ash and solid fuel debris but their number
concentrationisquitelow.

Mostofthestudiesreported inthe literatureareconfinedto
themasssizedistributionofcombustionaerosols (McElroyetal.,
1982;Raiyanietal.,1993;Venkataramanetal.,2002;Kulshreshtha
and Khare, 2011) inmicron range. Since combustion generated
particles predominate in the nanometer range, the physical
characterization in this range is inevitable toestimate the actual
sizedistributionandconsequenthealthimpacts.Thepresentstudy
focuseson thisaspectandassess thenumbersizedistributionof
combustion generated particles from household fuels i.e.,
firewood,coal,dungcake,kerosenestoveandLPGstoveoverthe
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nanometer size spectrum using ScanningMobility Particle Sizer
(SMPS).

2.MaterialandMethods

2.1.Collectionoffuelsamples

Coal, firewood (mangoanddeodar),dungcakeandkerosene
(fuel and stove) fuels were purchased locally from Trombay,
Mumbai. All solid samples were oven dried to reduce their
moisturecontentat60°Cforonehourpriortoexperimentaluseof
fuel sample. The stoves used for dung cake and firewoodwere
traditionalstoveslocallynamedas"chulha"whichweremadeofa
cementbricksofclaywithaUshapedfrontopeningandcylindrical
pot hole. The stove called "sigri"was used for coal.Usually the
"sigri" after adding the coal, is fired in an open place such as a
corridor, verandah or street until the cessation of emission of
visible smoke. The analysis of coal smokewas carried out after
emission of visible smoke.Wick or pressure stoves for kerosene
fueland stoveswith twogasburners for LPG fuelwereused for
experimentalcombustion.

2.2.Experimentalsetup

The experimental simulation setup for particle size
distributionsof combustion aerosolswas shown in Figure 1. The
setupwasdesigned in threepartsnamelypartA,BandC.PartA
having a volume 0.0243m3 was used for keeping the cooking
stove, few holes were provided inside wall so that air can be
available for combustion of fuel. Part B an upper cut pyramidal
shape of volume 0.013m3was designed to provide cooling and
dilutionofnascentgeneratedcombustionaerosolpriortoanalysis.
Part C a cylindrical shape of volume 0.0018m3 designed to take
sampleout foranalysisandthrow leftsmokeout.Samplingpoint
drown frompartCataheight0.9mwhich isbreathingheight in
squattingposture.Thesetupwasdesigned forcollectionofnear
source ambient combustion aerosols. Scanning mobility particle
sizersystemwasdirectlyattachedtothesamplingpointofsetup.
The design criteria for experiment were kept to generate near
realistic data set so as to simulate exposures during a routine
cooking procedure. The distance between the source and the
sampling point was kept 0.9m in order to simulate exposure
during cooking (nose distance from burner during cooking
posture). Also because of instrumental limitation (as the SMPS
cannotoperateatmorethan310K,requireddilutionwasmadeto
avoidSMPSchannelssaturation)theexperimentalsetuphasbeen
designed accordingly. The tubing between sampling point and
differentialmobilityanalyzer(DMA),DMAtocondensationparticle
counter (CPC)were keptasminimumandas straightaspossible
(8–10cm)sothataerosolresidencetime incomponentshouldbe
minimizedtoavoidparticlesizedistribution(PSD)modification(by
condensation and coagulation process). A dilution ratio of 100
(usingaerosoldiluterpriortoDMA)andagingtimeof10secwere
applied to achieve stable particle size distribution and number
concentration independentof fuel typesandcombustionexhaust
temperature. For all ovens design criteria was kept exactly the
same.Thepurposeofmassflowcontrollerwastocontroltheflow
ofnaturaladvectionofcombustionaerosolwhichcandisturb the
flowrateofSMPS(0.3L/min)andcansaturateit.Thetemperature
rangedbetween26.5and32.5°Candtherelativehumidityranged
between50%and75%forthewholesetofmeasurements.Particle
sizemeasurement was conducted ten times for each fuel after
burnerflamesgotstabilized.

2.3.Scanningmobilityparticlesizer

In present study, the Sequential Mobility Particle Sizer
(DMA+CPC) of GRIMM Aerosol tek, Germany, Series 5.400 was
utilized for number size distributions of combustion generated
aerosols. The combustion aerosol sample passes throughwith a
flow rate of 0.3L/min. Sheath air (particle free air) at ten times
flowrateofsampleinlet(3L/min)alsoflowindifferentialmobility
analyzer(DMA)tomaintainthelaminarflowinclassifier(Collinset
al.,2004).Onlyparticleswithanappropriatechargeandsizetravel
to the sample air outlet, entering the Condensation Particle
Counterasamono–disperseaerosol.According to theusedDMA
type, particles in the size range of 11.1 to 1083.3nm (for the
Vienna U–Type DMA) are classified in 44 channels by
scanning/stepping. Particles are classified according to their
electrical mobility and their concentration is measured with a
Condensation Particle Counter (CPC) (Glytsos et al., 2010). As
mono disperse aerosol first enters the CPC; it is saturatedwith
alcoholvaporasitpassesoveraheatedpoolofalcohol(butan–1–
ol).Thevapor–saturatedaerosolthenflowsintoacoldcondenser,
where it iscooledby thermaldiffusion. In thepresentstudy, the
spectrometerwasoperated in sizedistributionmode toproduce
numberconcentrationsversussizechannel.

Figure1. Experimentalsetupforparticlesizedistributionsofcombustion
aerosolspart(A)ofsetupdesigncontainsthestove,part(B)providesa
spaceforcoolinganddilutionofcombustionaerosolswhilepart(C)
containsthesamplingpoint,DMA(differentialmobilityanalyzer),CPC
(condensationparticlecounter).

2.4.Analysisofthedata

The measured real–time number concentration data are
transferred at 5minute intervals to a data storage card, which
includethetotalnumberconcentration,geometricmeandiameter
andgeometricalstandarddeviationforaclassifiedsizebin.Other
physicallymeaningfulparametersofaerosols, suchasnumberof
modes, size range ofmode, determined for singlemeasurement
duringoffline. For this,eachof thenumber sizedistributionwas
analytically described as a sum of two or three log–normal
distributions, using the expression to get minimum root mean
square (RMS) deviation between the measured and analytically
fittedspectra:

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
In the expressionDP is particle diameter (mobility), n is the
totalnumberofmodeconsidered,ʍ isgeometricmeandeviation.
GRIMM software version 5.477/02–V1.33 was used for online
monitoringofcombustionaerosolwithSMPS.MicrosoftExceland
Origin Pro 8.0were used for data and uncertainty analysis and
plottingthesizedistributions.Repeatedmeasurementsofnumber
size distribution have been carried out for each tested fuels to
ensure the quality and check the uncertainty of data. Error bars
were plotted for number size distributions in individual size bin
whicharegraphicalrepresentationofthevariabilityinthenumber
concentration. In the present study error bars represent one
standarddeviationof ten repeatedmeasurement carriedout for
eachfuel.


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3.ResultsandDiscussion

Inthepresentstudynumbersizedistributionsofcombustion
aerosol generated from five widely used household fuels were
studied. The aerosol emissions from combustion depend on
severalfactorssuchasthequalityofthefuel,thestructureofthe
fireplace or furnace, the air supply, the moisture content, and
burninghabits,etc.Modernimprovedfireplacesandstovesusually
havesmalleremissions(Johanssonetal.,2004).Sothereisalarge
uncertaintyinreplicatedmeasurementandweredescribedinPSD
witherrorbarsforeachmobilitysizebinofeverytestedfuel.The
particle size distributions were measured using SMPS gives
electrical mobility size which is different from aerodynamic
diameterofaerosol.Mobilitydiameterisequaltothediameterof
a spherehaving the samemobility in anelectric field asparticle
independent of fractal nature. A detail on aerodynamic and
electricalmobilitydiameterandtheirrelationshipweregiveninDe
Carloetal.(2004).Experimentsforeachfuelwererepeatedthree
timesandthenumberconcentrationemittedfromcoal,dungcake,
firewood,keroseneandLPGstovewererecorded.Thecomparative
numberconcentrations,geometricmeansandgeometricstandard
deviation emitted by different fuelswere shown in Table 1. The
previously reported values of the number concentrations of
particlesemittedfromdomesticcombustionshowlargevariations
intherangeof107–1010particle/cm3(Johanssonetal.,2003).The
particles emittedby combustionof various fuelsweredivided in
three modes according to their size range and percentage
concentrationsinthosemodesweretabulatedinTable2.

Table1.Numberconcentration,geometricmean,andgeometricstandard
deviationfortestedfuels
FuelType AverageNumber
Concentration
(particle/cm3)
Geometric
Mean(GM)
(nm)
Geometric
Standard
Deviation(GSD)
Firewood 4.9×107 123 1.78
Coal 1.2×107 48 1.98
DungCake 3.4×107 152 1.89
Kerosene 2.6×107 62 1.41
LPG 1.7×106 52 1.23

3.1. Particle size distribution (PSD) for firewood generated
combustionaerosol

Thenumber sizedistribution for firewood combustiongeneͲ
rated aerosolswas shown in Figure 2. Experimental data shows
average total number concentration of particles generated from
combustionoffirewoodwasfoundtobe4.9×107particle/cm3.The
geometric mean (GM) for the distribution is calculated to be
123nm,andthegeometricstandarddeviation(GSD)1.78indicates
polydispersed size distribution. Most of the particles were
distributedinmobilitysizerange30nmto120nm.Someparticles
were also found inmicron size rangesnear1μm.Coudrayet al.
(2009)reportedameanequivalentdiameterintherangeof69nm
to 157nm for aerosol generated from wood combustion using
electrical low pressure impactor (ELPI). The percentage contriͲ
butionofaccumulationmodeparticleconcentrationwasfoundto
be58.6%,whichwashigher thannucleation (13.88%)andAitken
modes (27.52%). Higher number concentrations of firewood
generatedaerosol in theaccumulationmodewasdue toprimary
emission of particle in this size ranges, and also because of
incompletecombustionofsolidbiomass.

3.2.Particlesizedistribution(PSD)forcoalgeneratedcombustion
aerosol

The number size distribution for coal combustion generated
aerosols was shown in Figure 3. The average number concenͲ
tration was found to be 1.2×107particle/cm3. The value of
geometric mean (GM) was calculated as 48nm, and geometric
standarddeviation (GSD)was found tobe1.91,which indicatea
polydispersed mode of distribution. Maximum numbers of
particleswere found in less than 400nmmobility size.Very low
numberconcentrationswerefoundformicrometerrangeparticles.
Thisrevealsthat fineparticlespredominatewhencoal isused for
cookingorheatingpurposes.Incoalgeneratedcombustionaerosol
thepercentagecontributionofnucleationmodeparticlewasfound
tobe47.21%,which ishigher thanothermodes.Thepercentage
contributions of accumulation and Aitkenmodeswere found as
11.48% and 41.31% respectively. For coal generated combustion
aerosol nucleation mode and Aitken mode particle number
concentration isdominant,whichmaybedue to lesscoagulation
andgrowthphenomenon in coalgeneratedaerosolparticlesand
also because of higher gas–to–particle conversion. Comparing
presentdatawithChangetal.(2004),thepeakforcoalgenerated
combustionaerosolsof40–50nmelectricalmobilitydiameterisin
goodagreementwiththepresentstudy.

Table2:Percentsharesofnucleation,Aitkenandaccumulationmodes for
totalgeneratedaerosolnumberconcentrationsindifferentfuels
FuelType Nucleation
mode
(Dp<50nm)(%)
Aitkenmode
(50nm,100nm)
(%)
Accumulation
mode
(Dp>100nm)(%)
Firewood 13.88 27.52 58.60
Coal 47.21 41.31 11.48
Dungcake 10.56 15.48 73.96
Kerosene 50.14 37.97 11.89
LPG 25.03 21.46 53.51


Figure2.Numbersizedistributionofcombustionaerosolgeneratedbyfirewood. Errorbarsrepresent
onestandarddeviation(±1ʍ,n=10).
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
Figure3.Numbersizedistributionofcombustionaerosolgeneratedbycoal.Errorbarsrepresent
onestandarddeviation(±1ʍ,n=10).

3.3. Particle size distribution (PSD) for dung cake generated
combustionaerosol

Thesmokeemissionfromdungcakelooksoverwhelmingdue
tovisiblesmoke,whichmaybeduetoadditionalmoisturecontent.
The number size distribution of combustion aerosols generated
fromdungcakewasshown inFigure4.Theaveragetotalnumber
concentration was found to be 3.4×107particle/cm3. The geoͲ
metricmean(GM)andthegeometricstandarddeviation(GSD)for
the distributionwere found to be 152nm and 1.89 respectively.
The distribution obtained for dung cake generated aerosol was
found to polydispersive in nature. Particles were distributed all
over the mobility size ranges 10nm to 1000nm. The number
concentrationfoundtobesmaller,butconsistentlyincreasingfrom
10 to 40nm and remains constant throughout 40–200nm. The
numberconcentrationwasfoundtobepeakingover200–400nm
mobility size range. The moisture content would have been
responsible for the very high concentration of particles at 800–
1000nm mobility size range. The percentage contribution of
accumulation mode particle concentration was found to be
73.96%,whichishigherthanothermodes.Indungcakegenerated
combustionaerosolthepercentagecontributionofnucleationand
Aitkenmodeswere found tobe10.56%and15.48% respectively.
Likefirewood,dungcakegeneratedaerosolisfounddominantlyin
accumulation mode because of solid matrix, incomplete comͲ
bustionandhighermoisturecontentwhichmay leads toprimary
particleemissioninaccumulativemodesizerange.

3.4. Particle size distribution (PSD) for kerosene generated
combustionaerosol

Keroseneiswidelyusedinurbanhouseholdsforbothcooking
and lighting.Kerosene,alsocalledparaffin insomecountries, isa
product of crude oil, and mainly consists of a mixture of
hydrocarbons.Kerosenecookersarealreadyestablishedproducts
inmany countries. They aremainly available and affordable by
urban population groups (Smith et al., 2005).Total suspended
particulatematerialsinindoorenvironmentwherekerosenestove
used for cooking varies 154 to 1499μg/m3 and volatile organic
compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs)
were found in great extent in such environments (Pandit et al.,
2001).ThenumbersizedistributionofcombustionaerosolsgeneͲ
rated from kerosene stovewas shown in Figure 5. The average
totalnumberconcentrationwasfoundtobe2.6×107particle/cm3.
Thegeometricmean(GM)andgeometricstandarddeviation(GSD)
werefoundtobe62nmand1.41respectively.Distributionshows
thatparticlesweremostlydistributed in20to100nmsizeranges
in a fairly Gaussian shape. The percentage contribution of
nucleationmodeparticle concentrationwas found tobe50.14%,
which is higher than percentage contribution of accumulation
(11.89%)andAitken(37.97%)modes.Theparticlesgeneratedfrom
kerosene are basically due to soot formation by incomplete
combustion of hydrocarbons thereforemost of the combustion
products are emitted in nucleation mode (gas–to–particle
conversion).Inpressurizedkerosenestove,thefuelthatcomesout
in fine dropletsmay not combust completely and that leads to
formation of micro droplets. Higher number concentration of
particleswasalsoobservednear1micronmobilitysizerange.This
couldbeattributedtotheunburnedmicrodropletscarriedbythe
fluegas.

3.5.Particlesizedistribution(PSD)forLPGgeneratedcombustion
aerosol

Liquefiedpetroleumgas(LPG)stovesareusedinurbanmiddle
andupperclassduetoitsenergyefficiencyandcomparativelyless
polluting combustion than other available options. The average
totalnumberconcentrationwasfoundtobe1.7×106particle/cm3.
ThenumbersizedistributionofLPGstovegeneratedaerosolswas
shown in Figure6. The geometric mean (GM) and geometric
standard deviation (GSD) were found to be 52.4nm and 1.23
respectively.Thedistributionshowsverynarrowdispersioninsize
ofparticlegeneratedfromLPGstove.Thenumbersizedistribution
also indicates most of the particles lie in size range of 10 to
100nm. The percentage contribution of accumulation mode
particle concentrationwas found to be 53.51%,which is higher
than other modes. In LPG generated combustion aerosol the
percentage contribution of nucleation and Aitken modes were
found25.03%and21.46%respectively.The totalparticlenumber
concentration of LPG generated aerosolwas found to be less in
comparisontootherfuels,whichmaybeduetogoodcombustion
efficiencyof LPG stove that leads to lessemissionof combustion
product. The high temperature of burner is responsible for the
formationofaccumulationmodeparticles.

4.Conclusions

The experimental data shows that solid biomass generates
highernumberconcentrationofparticlesthannon–solidfuels.For
all biomass fuels the number concentration was around
107particle/cm3. The geometricmean diameter was highest for
dungcakegeneratedparticlesamongstalltestedfuels,whileitwas
low forLPGandcoalgeneratedparticles.Thegeometricstandard
deviationvaluesofalltestedfuelsrevealedthatthereismore
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

Figure4.Numbersizedistributionofcombustionaerosolgeneratedbydungcake.Errorbarsrepresent
onestandarddeviation(±1ʍ,n=10).


Figure5.Numbersizedistributionofcombustionaerosolgeneratedbykerosenestove.Errorbarsrepresent
onestandarddeviation(±1ʍ,n=10).


Figure6.NumbersizedistributionofcombustionaerosolgeneratedbyLPGstove.Errorbarsrepresent
onestandarddeviation(±1ʍ,n=10)

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
dispersion in particle sizes in combustion of solid biomass than
non–solidfuels.Theparticleconcentrationsindifferentmodesi.e.,
nucleation, Aitken and accumulation were also calculated.
Firewood, dung cake and LPG generated particles were found
maximum in accumulationmodewith 58.6%, 73.9% and 53.5%,
respectively of the total measured number concentrations. In
nucleation mode, coal and kerosene generated particles were
found inhighestconcentrationwith47%and50%,respectivelyof
thetotalnumberconcentrations.Aitkenmodeshareineachtested
fuelswas found tobebetween thenucleationandaccumulation
modes.AsthePSDdataweremeasurednearpointsourcetheycan
modifywithagingthroughcoagulation,condensationornucleation
processes thatwere not investigated in the present study. Size
distributionmeasurementsareextremelysensitivetosucheffects,
andassuchitisdifficulttoachieverepeatablemeasurementseven
under precisely controlled sampling and dilution conditions. The
size fractionated aerosol data generated from current study can
alsobeusefulinhealthhazardevaluationssuchastheirdeposition
fractionsinlungsandalsoforcalculatingtheloadingofaerosolsin
atmosphere fromhousehold combustion. Thephysical characterͲ
izationofthesourcesofanthropogenicaerosolswillbehelpful in
formulationofvariousairpollutionmitigationpolicies.Ithasbeen
shown that the solid fuels produce more particulates than the
liquid/gaseous fuels. Thus policies and promotions for use of
cleaner fuels can be made based on such studies. The size
fractionatedaerosoldatageneratedfromthecurrentstudyisalso
useful in health hazard evaluation such as their deposition
fractionsinlungsandalsoforcalculatingtheemissionsofaerosols
intotheatmospherefromhouseholdcombustion.

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